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ABSTRACT
Effects of Ocean Acidification and Hypoxia on Stress and Growth
Hormone Responses in Juvenile Blue Rockfish (Sebastes mystinus)
by
Hannah L. Bruzzio
Master of Science in Marine Science
California State University Monterey Bay, 2022
Global climate change is causing increasing ocean acidification (OA) and deoxygenation
(hypoxia) of coastal oceans. Along the coast of California, where upwelling is a dominant
seasonal physical process, these environmental stressors often co-occur and are intensified in
nearshore ecosystems. For juvenile nearshore fishes, who spend a crucial developmental life
stage in coastal kelp forests during the upwelling season, these stressors are experienced
concurrently and may have large implications for fitness. Environmental stress can set off an
endocrine response, which impacts physiology, energy allocation, growth, and behavior. To test
the effects of climate change on juvenile blue rockfish, I measured the endocrine response to
single and combined stressors of OA and hypoxia after one week of exposure. Assays of cortisol
and IGF-1 hormone responses, served as proxies for stress and growth, respectively. Full
organismal effects of environmental stressors were evaluated using a scototaxis (i.e., light/dark
anxiety) behavior test, and measures of physiological changes in maximum metabolic rate
(MMR) and body condition (i.e., Fulton’s K condition index). I found that peak (~1 hour) cortisol
levels were highest in the single stressor low pH (7.3 pH), followed by the combined stressor (7.3
pH and 2.0 mg/L O2) and then the single stressor hypoxic treatment (2.0 mg/l O2). This high peak
cortisol associated with low pH may indicate the role of cortisol in acid-base regulation. Only the
low DO (dissolved oxygen) group did not exhibit a recovery of cortisol levels by the end of one
week. There was no observable difference in IGF-1 in juvenile blue rockfish after a week of
exposure to any of the pH or DO stressors. When cortisol levels were high, the same fish had low
levels of IGF-1, and when cortisol levels were lower, the same fish had highly variable levels of
IGF-1. At one-week of exposure, cortisol exhibited a positive relationship with MMR, such that
higher stress levels were associated with greater oxygen consumption by the fish. MMR values
themselves were highest in the low DO fish, which subsequently also had slightly higher cortisol
levels at one-week. Juvenile blue rockfish were largely robust to any behavioral changes
associated with stress across treatments. Hypoxic treatment fish had significantly lower body
condition than fish from treatments with ambient DO levels after one week. Overall, the results
indicated that pH levels influenced hormonal stress physiology, while DO levels contributed to
observed differences in metabolism, body condition, and behavioral anxiety in juvenile blue
rockfish. I was unable to tease apart and classify whether OA and hypoxia work in an additive,
antagonistic, or synergistic way. Continued research should include more experimental stressor
treatment levels of varying intensity of both individual and combined treatments as well as
upwelling/relaxation fluctuating treatment levels. Elucidating the effects of climate change on
fish endocrine response and physiology is important for fish population management and can
help inform stock assessment models of blue rockfish in a rapidly changing ocean.
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INTRODUCTION
Marine fish face an increasing number and severity of environmental stressors due to a
changing global climate. Shifts in the physical and chemical environment in response to climate
change can trigger physiological and behavioral changes that can be detrimental to fitness
(Pankhurst 2011; Schreck and Tort 2016). Along the central California coast, climate change has
been shown to alter oceanographic properties such as temperature, salinity, pH, and dissolved
oxygen (DO), as well as influence the timing and intensity of coastal upwelling, which greatly
impacts ocean chemistry (Feely et al. 2009; Keeling et al. 2010; Doney et al. 2011; Bakun et al.
2015). Understanding the ways in which fish respond and react to these environmental stressors
can be examined by measuring the physiological stress response, which is important to
maintaining homeostasis despite exposure to a changing, physiologically stressful environment.
Anthropogenic emissions of carbon dioxide (CO2) have increased nearly 47% since
preindustrial times, with modeled projections showing continued increases in atmospheric CO2
throughout the next century under all modelled emission scenarios (Gruber et al. 2012; Zeebe
2012; IPCC 2021). As the largest sink of atmospheric CO2, the oceans have absorbed over half
of anthropogenic CO2 emissions, triggering a process termed ocean acidification (OA) (Feely et
al. 2009; Hauri et al. 2009). As CO2 dissolves into the ocean, changes in carbonate chemistry
occur, resulting in seawater becoming more acidic (increasing H+ ions through dissociation of
carbonic acid), which has significant implications for marine organisms. Fish are capable of
internal acid-base regulation, unlike many marine taxa, and may exhibit less severe responses to
changing pH; however, OA may still push some species beyond their environmental tolerance
thresholds (Heuer and Grosell 2014a; Hamilton et al. 2017; Davis et al. 2018; Esbaugh 2018).
Compensatory responses in marine organisms to altered water chemistry include changes in acid1

Thesis

Bruzzio

base regulation (e.g. blood chemistry, Michaelidis et al. 2007), nervous system function (e.g.
behavioral lateralization, Domenici et al. 2012; Hamilton et al. 2017), sensory system function
(e.g. olfaction , Munday et al. 2009), auditory abilities (Bignami et al. 2013), behavior (e.g.
increases in anxiety, Hamilton et al. 2013; Ou et al. 2015), growth and body condition (Fivelstad
et al. 2003), as well as early life history development and survival (Baumann et al. 2012;
Forsgren et al. 2013). As a result, there will likely be major changes in species composition and
abundance as some species are more resilient than others to the alterations to the environment
caused by increasing CO2 emissions (Heuer and Grosell 2014b; Marshall et al. 2016; Davis et al.
2018). Overall, results investigating the effects of OA on growth and metabolism of marine fish
species have been highly variable, depending on species-specific tolerances and CO2 levels used
for experimental treatments (Wittman and Portner 2013; Hamilton et al. 2017; Esbaugh 2018).
The unpredictability of a particular species’ response to climate change emphasizes the
importance of further investigations of species-specific resilience and adaptive capacity to
increased CO2 (Pfister et al. 2014).
Another consequence of anthropogenic activities in marine systems is deoxygenation due
to warming temperatures and changes in circulation patterns, mixing, air-sea exchange, primary
production, and respiration (Bograd et al. 2008; Breitburg et al. 2018; Mattiasen et al. 2020;
IPCC 2021). Increased global temperatures, projected to continue until at least midcentury, will
result in reduced oxygen solubility and increased stratification of surface waters (Keeling et al.
2010). This causes a decrease in subsurface mixing, resulting in less atmospheric oxygen mixing
into the subsurface water column (Barnett et al. 2005). In addition, increased nutrient runoff into
the oceans causes eutrophication, which can stimulate the growth of phytoplankton, and
ultimately may result in severe oxygen depletion through microbial action (i.e., respiration, Cai
2
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et al. 2011; Breitburg et al. 2018). However, even more prominent along the West Coast are
hypoxic events due to the upwelling of low O2 waters into nearshore habitats, where respiration
can further draw down DO levels (Chan et al. 2008; Booth et al. 2012). Interactions between
internal wave action and local topography in Monterey Bay can carry low DO water into kelp
forests, where it can become trapped and prolong the period of time that these near-shore habitats
experience hypoxia (Leary et al. 2017). These hypoxic events (often defined as oxygen levels
below 2 mg/L O2 (Vaquer-Sunyer and Duarte 2008), change the chemical environment for
marine organisms, potentially adding major stress to an already dynamic and changing
environment.
Increased frequency and intensity of hypoxic events in the California Current System
(CCS), as well as instances of anoxia (Grantham et al. 2004; Chan et al. 2008), appear to be
caused by large scale atmospheric-ocean processes that are changing with climate change. For
example, reduced oxygen levels can be caused by increased stratification and subsequent
decreases in subsurface mixing (Barnett et al. 2005), shoaling of the oxygen minimum zone
(Chan et al. 2008; Gilly et al. 2013), and increased wind speed (Sydeman et al. 2014). These
examples may result in increased frequency and intensity of upwelling events (Bakun et al. 2015;
Xiu et al. 2018), as well as changing the chemistry of upwelling source water (Rykaczewski and
Dunne 2010). Abnormally low dissolved oxygen (DO) concentrations in nearshore ecosystems
have caused die-offs of both benthic fish and invertebrates and are predicted to have major
implications for marine communities as a whole (Grantham et al. 2004). Low DO has been
shown to have sub-lethal effects on fish behavior (e.g., altered schooling behavior and predator
avoidance; Domenici et al. 2007), energy allocation towards growth and reproduction (Breitburg
2002), depressed otolith growth (Hamilton et al. 2019), as well as physiological and metabolic
3
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changes (e.g., reduced aerobic scope and increased ventilation rates; Mattiasen et al. 2020) and
hemoglobin and O2 binding rates (Bickler and Buck 2007). Each of these effects impact fish on a
species-specific level with varying levels of resistance to hypoxic exposure (Pollock et al. 2007;
Vaquer-Sunyer and Duarte 2008).
Along the coast of California, seasonal upwelling and daily fluxes from breaking internal
bores transports deep nutrient-rich waters into nearshore coastal zones. These deep waters have
naturally high CO2 content (low pH) and low dissolved oxygen (DO) (Booth et al. 2012; Walter
and Phelan 2016). The frequency and severity of upwelling events are predicted to increase with
global climate change as well as the modulation of internal bore action, following the general
trend towards increased chances of compound extreme events (defined as the combination of
multiple drivers and/or hazards that contribute to societal or environmental risk; Sydeman et al.
2014; Bakun et al. 2015; Walter and Phelan 2016) and combined decreases in pH and DO in
coastal waters (Chan et al. 2008; Gruber et al. 2012). Stronger and more intense upwelling will
have additive effects on the acidity and DO content of coastal waters on top of the effects of the
singular processes of OA and deoxygenation that are occurring globally (Sydeman et al. 2014;
Bakun et al. 2015; Breitburg et al. 2018). This increase in upwelling events and modulation of
internal bores will expose organisms to multiple stressors on different temporal and spatial scales
than they may be used to. Expansion of oxygen minimum zones will also be a factor in the
dynamic changes in ocean chemistry, particularly in these highly productive, mid-latitude coastal
systems characterized by seasonal upwelling (Chan et al. 2008; Davis et al. 2018). Compounding
multiple stressors in marine habitats make studying and predicting biological responses to
climate change difficult (Gunderson et al. 2016). Although marine organisms already experience
dynamic oceanic conditions, the frequency of upwelling events along the California coast and the
4
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consequent intensification of both OA and hypoxia together have the potential to create an even
more physiologically stressful environment, which can ultimately result in decreased fitness
(Schulte 2014). Understanding the effects of the combined stressors of OA and hypoxia on the
physiological stress response in juvenile rockfish is the focus of this study.
In the natural environment, fish are typically exposed to multiple stressors because their
homeostatic mechanisms are highly dependent on prevailing conditions in their immediate
surroundings (Harper and Wolf 2009). These stressors are experienced at multiple different
timescales from a quick flux generated by internal bores washing deep low DO, low pH waters
up into the nearshore environment to seasonal upwelling with more prolonged low DO, low pH
events, and longer-term processes like anthropogenic climate change (Walter et al. 2012; Walter
and Phelan 2016). Consequently, it is hard to predict how multiple stressors might interact to
influence an individual’s tolerance to stress (Crain et al. 2008; Gobler and Baumann 2016;
Schreck and Tort 2016; Kroeker et al. 2017; Boyd et al. 2018). Stressors may interact in an
additive, synergistic, or antagonistic fashion, and it is often difficult to predict the outcome from
single stressor experiments (Gunderson et al. 2016). Responses are considered additive when the
combined stressor is equal to the sum of both independent stressors. Synergistic responses occur
when the combined response is amplified and is greater than the sum of the independent
stressors. Antagonistic responses occur when the combined response is diminished and less than
the sum of the individual stressors. Additive negative effects of low pH and low DO are the most
commonly observed in the literature; however, synergistic negative effects have also been
documented with the strength of the effect being unpredictable (Gobler and Baumann 2016).
Marine fish exposed to multiple stressors may face energetic tradeoffs between the
generalized stress response and daily maintenance and behavior (e.g., growth and metabolism,
5
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foraging and predator avoidance, Sunday et al. 2013; Rodnick and Planas 2016; Petitjean et al.
2019). Thus, additional energy allocation towards the generalized stress response could
ultimately reduce fitness, survivorship, as well as physiological function (Calosi et al. 2013;
Sunday et al. 2013; Davis et al. 2018; Petitjean et al. 2019). More recently there has been a push
toward understanding responses, particularly behavioral and physiological responses, to multiple
stressors, as it more accurately represents the natural environment and predicted climate change
conditions in which fish experience stressors concurrently rather than in isolation (Crain et al.
2008; Rosa and Seibel 2008; Pörtner and Peck 2010; Cote et al. 2016; Davis et al. 2018).
Multiple stressors can result in changes in physiological and metabolic processes, as well as
growth (Pope et al. 2014), survival (Pope et al. 2014; DePasquale et al. 2015), behavior (Davis et
al. 2018; Toft et al. 2018), and gene expression (Cline et al. 2020), that are different than the
isolated effects of each stressor alone. Multiple stressor experiments have mainly focused on
temperature changes and/or pH changes combined with one or more other stressors. Few studies
combining pH and DO stressors have been conducted (Gunderson et al. 2016).
While there are now several studies on the metabolic and behavioral effects of OA and
low DO on rockfish, much less is known about how the primary stress response is initiated. The
primary stress response in vertebrates is one triggered by the activation of the central nervous
system, particularly the hypothalamus-pituitary-interrenal (HPI) axis and mediated by hormone
signaling in response to a stressor that threatens homeostasis (Wendelaar Bonga 1997; Barton
2002; Sadoul and Geffroy 2019; Zhang et al. 2021). This neuro-endocrine response is
consequently followed by the secondary stress response, defined as the biochemical and
physiological adjustments associated with stress or changes in blood, tissue, and metabolism
(Iwama et al. 1999; Zhang et al. 2021). These include several different metabolic pathways.
6
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Performance at the whole body or population level associated with stress are referred to as the
tertiary stress response, resulting in modifications to behavior, survival, and growth patterns
(Iwama et al. 1999; Zhang et al. 2021). The vertebrate stress response involves a cascade of
events spanning across all three dimensions of the stress response.
Primary hormone signaling is mainly achieved through the release and circulation of the
corticosteroid hormone, cortisol (Schreck and Tort 2016). Cortisol affects a range of
physiological processes and is the main hormone measured when quantifying the primary stress
response in fishes (Sadoul and Geffroy 2019). Cortisol is essential for the restoration of
homeostasis, often mediating rapid non-genomic action including modulation of secondary
signaling pathways, such as the growth axis (i.e., growth hormone [GH] and insulin-like growth
factor-1 [IGF-1]) (Wendelaar Bonga 1997; Faught and Vijayan 2016). More recently, in
laboratory induced nutritional stress, the downregulation of insulin-like growth factor-1 (IGF-1)
has been linked to the stress response and can serve as an endocrine/ primary stress response
proxy for growth rate, which itself is a tertiary response to stress (Kelley et al. 2002; Deane and
Woo 2009; Hack et al. 2019). IGF-1 is classified as both a tissue growth factor and a circulating
hormone that is important in mediating the effects of growth hormone, as well as a wide range of
other biological actions (Upton et al. 1998; Jonsson and Bjornsson 2002; Valenzuela et al. 2018;
Yan and Hwang 2019).
Most studies on the endocrine stress response in fishes have focused on single stressors
related to the effectiveness of aquaculture practices. These include capture, transport, stocking
densities, netting stress, different tank configurations, and tank enrichment to ensure that these
processes do not detrimentally impact the fish by increasing cortisol concentrations and altering
behavior (Bolasina 2011; Ellis et al. 2012; Colson et al. 2015; Valenzuela et al. 2018; Zhang et
7
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al. 2021). Other areas of research include maternal cortisol effects on offspring (Mccormick
1998; Best et al. 2017; Faught and Vijayan 2018), as well as hook and line capture stress (Lowe
and Kelley 2004). Much less is known about the endocrine stress response to abiotic
environmental stressors (e.g., physical or chemical stressors) in comparison to biotic stressors
(e.g., aquaculture practices, fisheries handling, or species interactions), however there is
evidence that environmental stressors result in both behavioral and physiological changes in
fishes. For example, increases in salinity, temperature, or exposure to dietary lead resulted in
increased growth hormone concentrations (Deane and Woo 2009; Kim and Kang 2016).
Additionally, increased pH and decreased DO resulted in elevated cortisol in cod and zebrafish
(Herbert and Steffensen 2005; Kwong et al. 2014). Decreased DO has also been shown to result
in decreased swimming speeds in cod (Herbert and Steffensen 2005).
In addition to the release of hormones (the primary stress response), fish also exhibit
secondary and tertiary physiological responses to stress which have received less attention. The
secondary stress responses include changes in metabolism or cardiovascular systems and the
tertiary responses includes changes in behavior, growth, or reproduction (Schreck and Tort
2016). Measuring secondary stress responses, such as the capacity for aerobic activity and
respiratory function, may provide insight into the current condition of the fish. Secondary stress
responses, such as changes in ventilation rate, have shown strong correlations with circulating
cortisol levels (Zhang et al. 2021). Further investigation into the tertiary stress response will
provide insight into the longer-term fitness consequence of environmental stressors. For
example, fish exposed to low pH exhibited limited muscle growth, timid/anxious behavior, and
lower critical swimming speeds, all secondary stress response factors that can impact fitness if
experienced over long timescales (Powers et al. 2011; Hamilton et al. 2013; Ou et al. 2015;
8
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Sadoul and Vijayan 2016; Espinoza et al. 2017; Hamilton et al. 2017). Tertiary responses appear
to be species-specific, with some fish species exhibiting resilience to stressors while others do
not (Hamilton et al. 2017; Kwan et al. 2017).
On the U.S. West Coast, many species of juvenile fish, including blue rockfish (Sebastes
mystinus), use shallow coastal kelp forest ecosystems as nurseries when they recruit in the spring
(peak upwelling season). Upwelling and associated changes in ocean chemistry due to climate
change are most intense during a crucial developmental stage (e.g., settlement of young-of-year
[YOY]) for these fish (Hamilton et al. 2017). Juvenile fish are sensitive to external
environmental stressors because they are undergoing rapid physiological development and
growth (Davis et al. 2018). What is not well known is whether these environmental stressors also
alter the primary stress response (endocrine), as measured in increases in stress hormone levels.
Multiple stressors may result in increased energy expenditure devoted to the stress response,
leaving less energy available for growth and reproduction, ultimately resulting in reduced fitness
(Davis et al. 2018). Hormone signaling is pivotal during these earlier developmental phases, such
that efforts expended to maintain the stress response rather than this more generalized hormone
signaling could potentially be detrimental to rockfish populations as a whole (Wendelaar Bonga
1997). Understanding the fitness consequences of multiple stressors on the stress response of all
stages of economically important species, including rockfish, is essential for fishery management
(Parker et al. 2000).
Because juvenile blue rockfish live in such a dynamic environment, it is possible that this
species will show a high tolerance to OA and hypoxia (Hamilton et al. 2017; Cline et al. 2020).
However, juveniles of other species living in the same habitats, copper rockfish (S. caurinus) and
gopher rockfish (S. carnatus), respond more negatively to OA/hypoxia (Palmisciano, in prep).
9
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By examining levels of cortisol and IGF-1 in muscle tissue following exposure to various pH and
oxygen treatment conditions of differing durations, I predict blue rockfish will have a high
tolerance to OA and hypoxia for measures of the secondary/tertiary stress response but will still
show elevated cortisol and decreased levels of IGF-1 as measures of the primary stress response.
Cortisol exhibits a characteristic peak and recovery following stressor exposure (Barton 2002)
and I aim to characterize both the height of that peak (after 1 hour of exposure to treatment
conditions) and the eventual recovery point (1-week post-exposure) for single and combined
stressor treatments (Figure 1). I predict that this cortisol peak and recovery point will be highest
in the multiple/combined stressor treatment, largely driven by the low pH stressor versus the low
DO stressor. IGF-1 concentrations appear to change on longer timescales in comparison to
cortisol concentrations, on a scale of days to weeks, rather than hours (Hack et al. 2019), so I
measured IGF-1 concentrations only at the end of the experiment. I predict IGF-1 will show a
similar trend as cortisol, with lowest values in the combined treatment, largely driven by low DO
given known effects of low DO on metabolism, energy allocation and growth in fish.
I also examined whole-organism effects by investigating the relationship between stress
hormones and measures of the secondary and tertiary stress response, including maximum
metabolic rate (MMR), scototaxis (i.e., light/dark behavioral anxiety test), and body condition
and growth. These metrics will provide a more comprehensive understanding of the primary,
secondary, and tertiary stress responses. I foresee that changes in hormone concentrations
(elevated cortisol and decreased IGF-1), in response to environmental stressors, will translate to
higher behavioral anxiety and lower body condition, leading to changes in the overall fitness of
the fish. In other words, higher physiological/hormonal stress will lead to higher behavioral
stress and the downregulation of IGF-1 will lead to lower body condition as a result of less
10
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energy allocation towards growth. Determining how juvenile fish respond to multiple stressors
will aid in protecting and conserving fish populations in the face of further environmental
changes.

METHODS
Study species:
Rockfish species are characterized by differences in the timing of spawning, larval
duration, and depth distribution during the pelagic stage (Love et al. 2002), resulting in
potentially large differences in the chemical conditions experienced during early development.
Blue rockfish (Sebastes mystinus) are characterized by spawning and parturition during the
winter, followed by a 3–5-month pelagic larval duration at depths close to the surface, and then
a pelagic juvenile phase in deeper waters (Love et al. 2002; Burford and Larson 2007; Sogard et
al. 2008). This early reproductive season occurs before peak upwelling conditions, however the
deeper dwelling pelagic juveniles are likely exposed to naturally occurring low pH/DO as deeper
waters are dominated by respiration processes. The pelagic juveniles are transported back
nearshore where they will recruit/settle to the rocky bottom of kelp forests and rocky reefs in
highest numbers in early to mid-summer (April - July), which is during peak upwelling where
these naturally occurring low pH/low DO conditions persist (Miller and Geibel 1973; Anderson
1983; Carr 1983; Larson et al. 1994; Love et al. 2002). Post-settlement migration is often
limited, and juveniles most likely remain in the vicinity of the reef they recruited to (Miller and
Geibel 1973; Burford and Larson 2007). Juveniles and adults most frequently associate with kelp
forests (< 1-2 km), where they can range from the canopy to the benthos (Miller and Geibel
1973; Love et al. 2002).
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Collection:
A total of 600 juvenile rockfish were collected during June-August 2021 at Stillwater
Cove in Carmel Bay, CA on SCUBA using hand nets (CDFW collecting permit
S‐191050002‐19126‐001 and IACUC protocol #1007). Fish were transported to the aquarium at
Moss Landing Marine Laboratories (MLML) in a large cooler with aeration and acclimated at
ambient temperature, pH and DO for a minimum of 2 weeks in flow-through seawater tanks.
Species identification was undertaken once fish were large enough to determine identities, thus
ensuring only blue rockfish were used. Blue rockfish are easily identified by their reddish-orange
mottling and black spot situated between the 8th to 12th spines on the dorsal fin (Anderson 1983).

Seawater treatments:
To manipulate seawater conditions and simulate future predicted ocean chemistry, source
water from MLML ocean intake pipes entered a 2000 L reservoir tank, where the water is
aerated to 100% air saturation, and then delivered to five 500 L header tanks, where the
treatment conditions were generated. Experimental treatments were controlled by bubbling CO2
and nitrogen gas (N2) into the header tanks to change the pH and DO, respectively. Experimental
conditions were maintained using a computer-controlled monitoring system (Loligo Systems).
The program WitroxCTRL was used to regulate DO while CapCTRL was used to regulate pH.
These systems control gas flow through automated solenoid valves with feedback from pH or O2
sensors in the header tanks (WTW SenTix HWD and Loligo Systems dipping probe,
respectively).
Fish were exposed to one of the four treatments (N = 340, 2 replicate tanks of 10 fish per
treatment,) that represented ambient conditions and projected future conditions under climate
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change: (1) Control (ambient ocean conditions; 8.0 mg/l DO and 8.1 pH) and (2) extreme
upwelling (2 mg/L DO and 7.3 pH), as well as the extreme single stressors of (3) low pH and (4)
low DO for a minimum of one hour and maximum of one week (Table 1). Temperature of all
tanks was maintained around 11-14ºC. Tanks were filled initially with ambient seawater and
when fish were moved into the experimental tanks, flow from the header tanks was started to
slowly introduce the fish into their treatment conditions. Moderate treatments would have
represented what can be experienced with upwelling and hypoxic events currently, whereas the
extreme conditions investigated here represent what is predicted with further climate change
(IPCC 2021). DO and pH were measured daily using a Hach multiparameter meter (HQ40D) to
ensure all treatments were within ± 0.5 mg L-1 O2 (average control DO = 9.12 mg L-1 and
average low DO = 2.65 mg L-1) and/or ± 0.05 pH units of their targeted range (average control
pH = 7.92 and average low pH = 7.23) (Figure 2). The pH sensor was calibrated daily in
seawater using a certified Tris buffer to ensure accuracy.

Physiological and Growth Indices and Behavioral Tests:
Cortisol and IGF-1 have been used as indicators of changes in stress and behavior in
fishes (Ellis et al. 2012; Hack et al. 2019). To test for this association, 20 fish from each
treatment level were used in physiological and growth experiments at time zero (only control)
and following one week of exposure to the various treatment conditions to measure anxiety
levels, physiological changes, and hormone responses. These changes in secondary (physiology)
and tertiary (behavior) stress responses were then used to link individual, full body impacts of
stress to hormone levels.
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Scototaxis Behavior Test
To examine differences in anxiety levels in response to environmental stressors, a
scototaxis (preference for light/dark) behavior test was utilized (Holcombe et al. 2013) and
compared among treatments. Time spent on the dark side of the arena indicates a timid, hiding
behavior and therefore signifies a higher anxiety level in the fish (Hamilton et al. 2013). Lightdark testing assesses a fish’s behavioral response individually to a “casual” stimulus, an
intrinsically aversive stimulus to the fish which induces fear/anxiety (Blaser and Rosemberg
2012). An aversion to (fear of) the light side will cause the fish to spend more time on the dark
side; however, this may be disrupted or intensified following exposure to environmental
stressors. The link between physiological stress and behavioral stress is a difficult one to study,
but some studies suggest that cortisol may have links to behavior through its role as a key
mediator in mobilizing the energy reserves required for energetically costly behaviors (Dey et al.
2010).
The light-dark arena consisted of an aquarium (9.5 cm by 55 cm) that was painted on the
outside of the vertical sides (Hamilton et al. 2013; Holcombe et al. 2013). One side of the tank
was painted white, and the other half was painted black (Figure 3). The bottom of the tank was
left clear so that motion tracking software could be used to accurately track fish movements in
the tank. The presence of a colored floor does not impact side preference in fish (Holcombe et al.
2013). To remove potential bias from ambient lighting, the arena was rotated 180 degrees
between each trial. 20 fish, from each treatment, were tested in the same treatment waters they
were reared in for one-week and allowed to acclimate to the test arena for 10 minutes. Water was
replaced before each fish trial. Trials lasted for 15 minutes and were filmed using a mounted
GoPro Hero7 camera. Motion tracking was performed using the Noldus software EthoVision XT
14

Thesis

Bruzzio

to assess time spent in the light or dark portions of the tank, as well as to quantify other
behavioral metrics such as distance moved, average velocity, and time spent moving or not
moving around the tank. Videos were uploaded into the program and the arena area was set
manually, splitting the arena into “zones” to differentiate between the light side and the dark
side. The fish center-point was also set manually for accurate tracking. Data metrics of interest
were selected for the program to measure as it played through the video, tracking the fish’s
center-point. The software generated path-tracing videos, heat maps, and data were then exported
for analysis.

Maximum Metabolic Rate (MMR)
Maximum metabolic rate (MMR) is a measure of the maximum rate of oxygen
consumption and was determined by measuring oxygen consumption during a recovery period
after the fish was exercised (swam) to exhaustion (Norin and Clark 2016). Reductions in
swimming speeds and aerobic capacity have been observed in response to environmental
stressors such as hypoxia and low pH, in multiple fish species (Herbert and Steffensen 2005;
Hamilton et al. 2017; Mattiasen et al. 2020). In addition, past studies have indicated that critical
swimming speed and maximum metabolic rates are associated with cortisol concentrations in
fish via physiological stress pathways, indicating that this test may serve as a proxy for the
primary stress responses (Plaut 2001; Herbert and Steffensen 2005). MMR was examined using
methods described previously for a commonly used exhaustive chase protocol (Roche et al.
2013; Norin and Clark 2016). After one week in treatment tanks, 20 fish were measured for total
length and weight and individually placed in treatment water in a cylindrical arena and allowed
to acclimate for 10 minutes. Using a PVC pipe (about 1 cm in diameter), water was stirred gently
15

Thesis

Bruzzio

to create a circular current for the fish to swim against. Fish were swum this way for 15 minutes,
or until exhaustion. Exhaustion was determined when the fish could no longer hold its body
position in the arena. Juveniles were discouraged from resting against the side or bottom of the
arena by lightly tapping them with the PVC pipe. Although maximum sustained swimming speed
(Ucrit) is typically used to obtain MMR in fish, previous studies have shown that chase protocols
can yield similar or higher values of MMR in some species of fish (Reidy et al. 1995; Ou et al.
2015).
After the chase, fish were immediately placed in a static Loligo Systems intermittent flow
respirometer, which was controlled by Loligo AutoResp software. The cooler housing the
respirometry chamber was frequently refreshed with seawater from the respective treatment tank
to maintain an average temperature of 12ºC. Chambers were set up to be flushed with water from
the water bath (every 5 minutes) in order to maintain water quality inside the chamber before it
was closed for measurement. The chamber was then closed and allowed to stabilize (1 minute),
and then changes in oxygen levels were measured (5 minutes). Fish were left in the respirometer
for one flush/measure cycle, for a total of 11 minutes. MMR was then calculated from AutoResp
generated raw data by using the FishResp package in R. MMR was calculated based on the
individual weight of the fish and the oxygen uptake rate (MO2). All chambers started between
30% - 100% DO saturation, depending on treatment water used in the respirometer, which
decreased further as the fish consumed oxygen. I calculated the MMR based on the MO2 at the
beginning of the trial when DO saturation is above 30% air saturation. This was to ensure I
recorded an accurate MO2 measurement before the MO2 was affected by a reduction in DO
levels.
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Body Condition and Growth
Body condition and growth rates of fish integrate the physiological and environmental
conditions experienced by individuals and can be used as a reliable indicator of feeding success
and future fitness (Andrews et al. 2011). Environmental stressors cause changes in a fish’s
physiology, which can in turn be translated into changes in growth through altered energy
allocation and metabolism (Hack 2018). To examine differences in body condition and growth, I
measured a suite of morphological variables, including standard length, total length, and weight
of the fish at each time point. Body condition was measured using Fulton’s K condition index,
calculated as K = mass/(standard length3) * 100 (Ovegard et al. 2012). Assuming allometric
growth, individuals with higher Fulton’s K values are heavier for a given body length, while
individuals with lower values are lighter for a given length. These tests allowed me to link the
levels of cortisol and IGF-1 to whole organism effects that might be a result of environmental
stressors. Residuals from standard length regressions were used on a few different statistical tests
to correct for any differences in size of fish between treatments.

Hormone assays:
Fish were euthanized and prepared for hormone sampling at each predetermined
timepoint, at time zero, 1- hour, 24-hours or 1-week (Table 2). Timepoint 1-hour was chosen
because cortisol concentrations are known to peak at about 40 minutes to an hour after initial
stressor exposure (Vijayan et al. 2010; Faught et al. 2016) and to investigate time spent at that
peak level. Muscle tissue samples for cortisol analysis were taken from 20 fish per time point in
each of the four treatments to determine baseline levels, the acute stress response at 1 hour and 1
day, and recovery/chronic stress response at 1 week. Muscle tissue was also used to measure
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IGF-1 and samples were collected only at the beginning and end of the experiment, as
concentrations of this growth hormone does not change as rapidly as cortisol (Hack et al. 2019).
Muscle tissue collected at time zero and 1-week post stressor was also used for IGF-1
measurements (Table 2). These hormones are typically measured in the blood plasma, but this
method may not be effective for juvenile fish with small blood volumes (Barton et al. 2005; Sink
et al. 2007). Hormone extraction from tissues has been shown to be just as effective as plasma
samples (Bertotto et al. 2010). Euthanasia occurred within one minute of capture to minimize the
effect of capture/netting stress on body cortisol levels (Auperin et al. 1997).
Tissue samples were rinsed and homogenized in phosphate buffered saline (PBS) using a
glass handheld homogenizer to break up cell structure and release homogenates (Bertotto et al.
2010). Homogenates were then pipetted into microcentrifuge tubes and underwent two additional
freeze-thaw cycles to ensure full breakdown of cell structure. Samples were centrifuged for 5
minutes at 5000 x g, 2-8°C and the supernatant was pipetted off and assayed immediately (Sink
et al. 2007). Cortisol and IGF-1 assays were run using fish cortisol and fish IGF-1 ELISA kits to
measure muscle tissue concentrations of these hormones, along with prepared hormone
standards, according to manufacturer guidelines. Each plate had a blank well and six standard
wells to removed background noise and generate a standard curve. Plates were read at room
temperature using a microplate reader, measuring absorbance at 450 nm. Standard curve
equations were then used to convert the absorbance readings into concentrations of either cortisol
or IGF-1.
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Data Analysis:
To test for differences in cortisol and IGF-1 concentrations as a function of pH/DO
treatment conditions, as well as for differences in cortisol concentrations within those treatments
and across multiple timepoints (0 minutes, 1 hour, 24 hours and 1-week for cortisol and 0
minutes and 1-week for IGF-1), I used two-way Analysis of Variance (ANOVAs) with the
factors of treatment, time, and treatment x time. I then used a Tukey post-hoc test to further
investigate hormonal differences between the treatments and timepoints within treatments. To
identify which treatment levels or time points were significantly different from one another, I
conducted multiple comparison tests using the Tukey HSD post-hoc test. The same method of
analysis was also used to test differences in IGF-1, before and after the stressor experiment, as
well as between each timepoint.
To identify changes in secondary/tertiary stress responses among treatments, the same
ANOVA analysis was used to test for differences in MMR, behavioral metrics, body size and
condition. All data were tested to determine whether they violated any of the statistical model
assumptions (i.e., independence, normality, etc.) before conducting the ANOVAs. Log
transformations were conducted on any data that were not normally distributed and residual
analysis was used in instances where size may have had an unseen effect on the variable of
interest. For hormone data at timepoints where the fish also underwent the physiological and
behavioral trials, I used students t-tests to determine if there was a significant increase in the
hormone levels of fish who participated in physiological and behavioral trials before deciding
whether or not to include them in the main analysis. This analysis was significantly different for
the low pH treatment group (Students t-test; t = 5.58, df = 36, p < 0.0001), but not other
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treatment groups. For this reason, all samples were pooled and used for subsequent cortisol
analyses.
To test for any associations between cortisol and MMR/behavioral/size metrics, I used
Generalized Linear Models with the response variable (y-variable) being cortisol concentration,
while MMR, behavioral, or size metrics were entered as the predictive variables (x-variable).
AIC model selection was used to determine the best fit model for explaining the differences in
cortisol in the juvenile blue rockfish, with the convention that models are significantly different
if the ∆AICc > 2 (Anderson and Burnham 2002). The same methods were used to test for
associations between IGF-1 concentrations and body size (standard length, total length and
weight) and condition factor.
Additional Principal Component Analysis was used to reduce variables and remove any
multicollinearity as well as examine how fish with similar physiological and behavioral metrics
grouped together in multivariate space for all variables measured in one analysis. Finally, a
MANOVA test was used to test between PC1 and PC2 (the two response variables) and
treatment as a single predictor.

RESULTS
Trends in Cortisol Concentrations:
Changes in cortisol concentrations over time were complex and the pattern depended on
the pH/DO treatment the fish were reared in (two-way ANOVA: Treatment F(3,281) = 6.33 , p =
0.00036, Timepoint F(3,281) = 4.35 , p = 0.0051, and Treatment * Timepoint F(6,281) = 6.16 , p <
0.0001) (Figure 4E). The cortisol concentration of fish in the control treatment was significantly
different across timepoints (ANOVA, F(3,90) = 27.98, p < 0.0001), with cortisol concentrations at
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1-week being significantly higher than each earlier timepoint (Tukey HSD, p < 0.0001; Figure
4A). The cortisol concentration of fish in the low DO treatment was also significantly different
across timepoints (ANOVA, F(3,81) = 12.86, p < 0.0001), with cortisol concentrations at one hour
and one week being significantly higher than the other timepoints (Tukey HSD, p < 0.05; Figure
4B). The cortisol concentration of fish in the low pH treatment was significantly different across
timepoints (ANOVA, F(3,93) = 10.43, p < 0.0001), with peak levels at 1-hour that remained high
but tapered off in the 24-hour and one week timepoints (Tukey HSD, p < 0.05; Figure 4C). The
cortisol concentration of fish in the combined low pH/low DO treatment was significantly
different across timepoints (ANOVA, F(3,64) = 13.34, p < 0.0001). Cortisol concentrations at time
0 were significantly lower than any of the other time points (Tukey HSD, p < 0.05) (Figure 4D).
In comparing cortisol concentrations across treatments for particular time points, I
found a significant difference among experimental treatments at the 1-hour timepoint (ANOVA,
F(3,75) = 12.74, p < 0.0001). All treatments had a significantly higher peak cortisol concentration
at 1-hour, in comparison to control fish (Tukey HSD, p < 0.05), with the low pH group having
the highest peak cortisol level (Figure 5A). There was also a significant difference in cortisol
concentrations among the experimental treatments from the 24-hour timepoint (ANOVA, F(3,75) =
5.13, p = 0.00277). The low pH and combined pH/DO stressor treatments had a significantly
higher cortisol concentration at 24-hours compared to control fish (Tukey HSD, p < 0.05; Figure
5B). Additionally, there was no significant difference in cortisol concentrations among
treatments for the 1-week timepoint (ANOVA, F(3,107) = 0.67, p = 0. 572; Figure 5C). At the 1hour and 24-hour time points, the rank ordering of the treatments was consistent, with cortisol
being highest in the low pH treatment, then the combined low pH/low DO treatment, then the
low DO treatment, and being lowest in the control treatment.
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Trends in IGF-1 Concentration:
There was no significant difference in IGF-1 levels in control fish at time 0 or 1-week
(Students t-test, t = 1.65, df = 56, p = 0.103). Additionally, there was no difference in IGF-1
levels between any of the experimental treatments following one week of exposure to simulated
future ocean conditions (ANOVA, F(3,110) = 0.36, p = 0.77; Figure 6).

Behavioral and Physiological Responses:
I observed a significant difference in MMR among treatments (ANOVA, F(3,52) = 7.18,
p = 0.0004), with the highest MMR experienced by fish in the low DO treatment (Tukey HSD, p
< 0.05; Figure 7A). Even after correcting for treatment differences in fish body size using
residuals from the total length vs MMR regression (fish in the low DO treatment were larger on
average), the low DO group continued to have the highest MMR (ANOVA, F(3,72) = 8.16, p <
0.0001; Tukey HSD, p < 0.05; Figure 7B).
Every fish, regardless of treatment and regardless of trial tank orientation, spent more
time on the dark side of the tank (Figure 8). There was some variation with fish moving around
the tank more than others (Figure 8B), but all red areas (indicating more time spent in that
region) occur on the dark side in every fish (shown in a more extreme case in Figure 8A).
Because of this, instead of using the time spent on light versus dark side metric, I used the ratio
of moving to not moving as a proxy for activity level and behavioral anxiety in blue rockfish.
The higher that activity proxy is, the more time the fish spent stationary during the trial, which
would have indicated more timid or anxious behavior from the fish.
Behavioral analysis of the responses of fish to the scototaxis challenge included total
distance travelled (Figure 9A), average velocity of movement (Figure 9B), and activity proxy
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(Figure 9C). Overall, there was no significant difference in behavioral responses following
exposure to the different pH/DO treatments, (ANVOA, Distance: F(3,42) = 0.28, p = 0.907;
Velocity: F(3,42) = 0.63, p = 0.597; and Activity Proxy: F(3,42) = 0.19, p = 0.902).

Size and Condition Factor:
There was a difference in Fulton’s K (condition factor) among treatments following one
week exposure to the treatment conditions (ANOVA, F(3,110) = 10.88, p < 0.0001). Fish in low
DO and combined pH/DO treatments had lower Fulton’s K values than either the control or low
pH groups (Tukey HSD, p < 0.05; Figure 10A). After correcting for treatment differences in fish
body size, this difference is larger (ANOVA, F(3,130) = 6.981, p = 0.0002) with the low DO and
combined treatments having the lowest body condition and the low pH group falling between the
control group and those two treatments (Tukey HSD, p < 0.05; Figure 10B). Furthermore,
Fulton’s K was significantly lower at the end of the experiment for the low DO fish and the
combined pH/DO fish when compared to the start (Students t-test, t = 2.01 and 2.05 respectively,
df = 44 and 28 respectively, p = 0.027 and 0.031 respectively). Standard length (Figure 11A),
total length (Figure 11B), and weight (Figure 11C) showed no significant differences across
treatments at the 1-week timepoint (ANOVA, Standard Length: F(3,110) = 1.288, p = 0.28; Total
Length: F(3,110) = 1.127, p = 0.34; Weight: F(3,110) = 0.624, p = 0.60). However, the low DO fish
were bigger, although insignificantly, at one week, which may have occurred because this
treatment was rerun due to a computer control failure and the fish spent more time in holding
tanks prior to use in the experiments than any other group of fish.
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Associations between Cortisol/ IGF-1 and Behavioral/ Physiological Metrics:
There was a significant association between cortisol values and physiological/ size
metrics (Generalized Linear Regression, F(3,69) = 3.31, R2 = 0.0878, p = 0.025, Standard length: t
= 0.49, p = 0.626, Weight: t = 0.383, p = 0.703, MMR: t = 1.63, p = 0.108). However, each of
these variables are correlated so I ran independent regressions which each showed no
relationship between fish size and cortisol concentrations. There was no significant relationship
between MMR and cortisol concentrations (Generalized Linear Regression, F(1,76) = 0.3582, R2 =
0.00469, p = 0.5513; Figure 12).
There was no significant relationship between cortisol concentrations and any of the
behavioral metrics (Generalized Linear Regression, Distance: F(4,41) = 1.584, R2 = 0.1338, p =
0.1968; Velocity: F(2,43) = 1.195, R2 = 0.0527, p = 0.3124; Activity Proxy: F(4,41) = 0.5909, R2 =
0.0267, p = 0.5582; Figure 13).
Although there were some trends comparing cortisol values and all of the metrics
measured, by using AIC model selection (Table 3), Fulton’s K alone can help to best explain the
cortisol differences among the blue rockfish used in this experiment (Generalized Linear
Regression, F(1,43) = 6.498, R2 = 0.11, p = 0.014, AIC = 12.6).
Multivariate (PCA) analysis was also used examine these behavioral and physiological
variables together in reference to cortisol concentrations in blue rockfish because of the
multicollinearity found in the multiple regression run with these variables earlier. PC1 (body
size and MMR) explained 47.7% of the variation in the data while PC2 (behavioral metrics)
explained 33.6% of the variation. Along PC1, MMR had a positive relationship and size (SL)
had a negative relationship. Along PC2, the activity proxy had a positive relationship (Figure
14). After examining the association with PC scores and cortisol levels there was no significant
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correlation between PC1 and cortisol concentrations (Generalized Linear Regression, F(1,44) =
0.081, R2 = -0.0208, p = 0.39). There was also no significant relationship between PC2 and
cortisol (Generalized Linear Regression, F(1,44) = 0.7539, R2 = -0.0055, p = 0.39).
There were treatment differences within PC1 (body size and MMR) scores (ANOVA:
F(3,42) = 4.53, p = 0.0076). The combined pH/DO treatment had higher average PC1 scores than
each single stressor (Tukey post-hoc, p < 0.05) (Figure 15A). There were no treatment
differences within PC2 (behavioral metrics) scores (ANOVA: F(3,42) = 0.796, p = 0.503) (Figure
15B). Including both PC1 and PC2 in a MANOVA analysis is almost significant in showing
treatment effects on these fish (MANOVA, F(3,42) = 2.769, p = 0.0534). The combined pH/DO
treatment had significantly higher PC2 scores compared to the single stressor pH group (Tukey
post-hoc, p = 0.034) and was trending larger than the control group (Tukey post-hoc, p = 0.071).
There was no significant relationship between IGF-1 values and Fulton’s K
(Generalized Linear Regression, F(3,132) = 2.747, R2 = 0.0204, p = 0.099) (Figure 16). However,
there was a non-significant negative relationship between the two variables, with higher Fulton’s
K associating with lower IGF-1 values. There was no significant relationship between IGF-1
concentrations and the body size measurements (using only weight due to multicollinearity
between size measurements) (Generalized Linear Regression, F(1,132) =1.132, R2 = 0.0085, p =
0.289). This shows a rough trend that smaller fish have higher IGF.
There is no evidence for a relationship between cortisol and IGF-1 concentrations in the
same fish at the one-week timepoint (Correlation test, t= -0.0178, df = 108, p = 0.986; Figure
17).
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DISCUSSION
While studies of the effects of multiple stressors on fish physiology are becoming more
common, utilizing increased realism of future climate projections, the impacts of multiple
stressors at a molecular level are not well understood. Molecular responses may be useful in
predicting the interactive effects of stressors at the organismal level and the mechanisms of
underlying fitness-related responses. In the present study, I aimed to test whether the hormones
cortisol and IGF-1, at the tissue level, were affected by individual and combined stressors of
ocean acidification and hypoxia. The relationship between cortisol concentrations and these
environmental stressor treatments was clear, with low pH contributing to the higher levels of
cortisol observed in fish reared in more stressful conditions. Effects of climate stressors on IGF-1
were more complex and no changes in tissue level IGF-1 were observed in blue rockfish at the
one-week timescale. I also aimed to correlate shifts in hormone levels with physiological and
behavioral responses. While juvenile blue rockfish appeared to be robust to any behavioral
changes, physiological effects, such as MMR and Fulton’s K were associated with environmental
and hormonal stress.

Trends in Cortisol Concentration:
As with most mechanisms affecting homeostasis, there is a trade-off in how strong and
how long to activate the stress response. Measuring the peak in cortisol is a well-established
acute stress indicator (Sadoul and Geffroy 2019) and can help identify the activation strength of
the stress response. Recovery time back to prestressed or control cortisol levels is far less
studied, especially when testing the effects of chronic stressors, yet this information can help
examine how well a fish adapts to longer bouts of environmental stress. The recovery time
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appears to be species-specific, due to differing clearance rates and the occurrence of desensitization (Mommsen et al. 1999). Clearance rates of cortisol themselves are also highly
dependent on the dynamics of steroid-binding proteins as well as many environmental factors,
including stress, ambient water chemistry, maturity and nutritional state (Mommsen et al. 1999).
Cortisol recovery time is also dependent on the length, intensity and duration of exposure to a
stressor (Ryan 1995). I found that all experimental treatments exhibited a peak in cortisol at onehour that, for the most part, stayed elevated for the first 24-hours. Only the low DO group did not
exhibit a recovery from this peak cortisol level by the end of the one-week experiment,
indicating higher prolonged stress levels in blue rockfish exposed to hypoxic conditions. The
recovery point for the fish in the low pH and combined stressor treatments were still higher than
initial values, so while juvenile blue rockfish exhibit capacity to adapt to environmental
stressors, they do not adapt fully to control, pre-stressor levels after one-week of exposure.
Juvenile rockfish have been observed to make full metabolic and behavioral recoveries after
three-weeks acclimation to experimental conditions of low DO and low pH (Davis et al. 2018),
so given a longer experiment run time I may have seen a full recovery of cortisol levels. When
investigating chronic stress, fish can become desensitized to the stressor and experience cortisol
suppression to minimize energy expenditure directed towards the stress response (McCormick et
al. 1998). I did not see any evidence for desensitization and subsequent cortisol suppression or
full cortisol recovery in the present study. To further test the effects of chronic environmental
stressors on the cortisol recovery in blue rockfish, a longer study would be necessary.
Looking within the 1-hour and 24-hour timepoints, I observed clear treatment effects on
cortisol concentrations that matched the expected responses to low pH and low DO stressors.
The highest peak in cortisol belonged to the fish in the low pH group, followed by the combined
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group and then the low DO group, which was consistent at both time points. This indicates that
low pH is largely driving the differences in the observed cortisol response, and that the combined
low pH/DO group appears to be an average of the single stressor treatments used, in other words,
an antagonistic response. Low pH mainly affects the acid-base regulation in these fish, which has
been shown to directly activate the primary stress response (Yan and Hwang 2019). Cortisol
itself has been shown to enhance the transport of ions by exerting stimulatory or suppressive
actions on the transport of ions by regulating the proliferation or differentiation of multiple
different types of ionocytes (site of acid-base regulation in teleost fish) (Yan and Hwang 2019).
It follows that increased need for acid-base/ion regulation in low pH conditions would increase
circulating cortisol concentrations, which I observed in this study, with highest peak cortisol
levels belonging to the low pH group.
In some fish species, gill morphology can be remodeled to adapt to stressors affecting gas
and ion transport, including general increases in gill surface area, increased lamellar height and
any changes made to ionocytes (Yan and Hwang 2019; Jia et al. 2021). The cellular changes
made to adapt to an ion disturbance (i.e., low pH conditions) may happen on shorter timescales
than any morphological/ tissue level changes required to adapt to a stressor like low DO.
Therefore, a strong and short activation of the primary stress response, as shown with the largest
peak and lowest recovery level of cortisol in the low pH group in the present study, would be
beneficial to blue rockfish who are experiencing low pH conditions. On the other hand, persistent
low DO conditions are less of an adaptable stress, as it requires both morphological and
physiological changes for adaptation. It follows that a weaker but extended primary stress
response, as shown by the still elevated cortisol levels in low DO fish at one-week in the present
study, might be more beneficial to be able to handle these low DO conditions.
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The one-week group in control conditions had an unexplained high cortisol level,

masking any treatment effects at the one-week timepoint. These results do not appear to be an
accurate representation of the recovery point of circulating cortisol in the control fish, possibly
due to general experimental stress rather than of treatment. One study using Coho salmon found
that regardless of stressor duration or intensity, unstressed control juveniles often show higher
plasma cortisol than what would be considered normal for an adult (Nakano et al. 2013). Thus, it
is possible that at this sensitive juvenile stage, even just one week in smaller experimental tanks
(compared to the larger holding tanks used) was enough to trigger a HPI activation with a release
of cortisol in these ambient condition/unstressed fish. In another study, using similar timescales
and the same study species used here, there was a significant effect of time on differential gene
expression across treatments and even in control groups (Cline et al. 2020). The relationship
between the generalized neuroendocrine stress response and the cellular stress response is direct
and mediated largely through hormonal action at the cellular/tissue level. Tissue level molecular
programming (i.e. stress-responsive genes) has been shown to be essential to stress adaptation
and has been linked directly to an elevation in cortisol levels (Aluru and Vijayan 2009). It is
possible that the increased cortisol concentration here is inducing that differential gene
expression seen in control blue rockfish at two weeks to maintain homeostasis in experimental
settings. Increased circulation of cortisol may simply be in response to time spent in an
experimental setting rather than indicative of a strong activation of the neuroendocrine stress
response. This addresses the adaptive aspect of the stress response rather than looking
exclusively at the negative aspects of stress (Iwama et al. 1999), resulting in an equilibration of
cortisol levels across all treatments at 1 week, at a much higher level than the baseline prior to
the experiment.
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The relationship between cortisol and metabolic performance was not significant at one

week of exposure to treatment conditions. MMR itself was highest in the low DO fish, indicating
that the low DO stressor had the largest impact on MMR and oxygen consumption, with more
stressed fish showing higher rates of oxygen consumption than unstressed counterparts (Barton
and Schreck 1987). Contrasting results have been reported in the same species of rockfish at the
same levels of dissolved oxygen, where a decline in MMR was observed in response to
decreasing DO content of the water (Mattiasen et al. 2020). This result is what would be
expected as MMR is often immediately reduced when circulatory and ventilation systems cannot
keep up with O2 demands. Results shown in the present study may be due to the link between
increased cortisol and greater energy mobilization immediately following stress, allowing fish to
cope with the increased energy demand associated with stress. Whereas, with longer time spent
in treatment water (i.e. experiment run times on a multiple weeks or months timescale) you will
see the more commonly reported decline in MMR with hypoxia (Gamperl et al. 1994; S.D.
McCormick et al. 1998; Mattiasen et al. 2020). Actual MMR values from Mattiasen et al. and the
present study from fish in the same 2.0 mg/L hypoxic conditions are in the same range (~100200 mg O2 kg-1 hr-1), but the trends between treatment groups are opposite. Again, this is most
likely due to different timescales of time spent at these hypoxic conditions. In addition, no
significant relationship between MMR and cortisol was detected here. Increased MMR may also
be indicative of greater sensitivity to environmental changes associated with climate change
during exercise (Ou et al. 2015). While at rest, species of juvenile rockfish can compensate for
physiological stress, but the same may not be able to be said about fish directly after exercise
(Palmisciano, in prep). The combined group only had a sample size of n = 3 fish due to a system
failure on part of both the Loligo seawater system as well as the respirometer, making results for
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this group largely inconclusive, but I would expect they would follow same trend as the low DO
group.
Across every treatment in the scototaxis behavior test, blue rockfish displayed an
overwhelming preference for the dark zone. Lack of preference for light or dark may be
indicative of the fluctuation in light levels they experience naturally in the kelp forest (Hamilton
et al. 2013), and preference for the dark zone may indicate high stress related to larger fish sizes
for the given test arena. The behavioral metrics measured here have been predicted to indicate
abnormal function and higher levels of behavioral anxiety in zebrafish (Cachat et al. 2010).
Other studies, using video analysis of fish behavior have shown lower swimming activity and
speed as well as less distance travelled in response to chemical toxicant stressors (Kavitha and
Venkateswara Rao 2007; Sharma 2019). In contrast, some species of rockfish have been
reported to increase exploration behavior in control water in response to 1-week acclimation to
low pH (pH 7.5) and low DO (4.0 mg/L) conditions, indicating possible motivation to seek out
better environmental conditions (Davis et al. 2018). This exploration was then decreased in
response to additional alarm cues, indicating that behavioral compensation of environmental
stressors is dependent on the intensity of the stressor. Given that the fish in the present study
were in more stressful conditions (7.3 pH and 2.0 mg/L) and treatment water was used in the test
arena, it is interesting that there was no significant relationship between these behavioral metrics
and the pH/DO treatments. On the one-week timescale used here, juvenile blue rockfish may be
more robust to behavioral changes in response to environmental stressors, possibly because of
the shorter timescales of these stressors experienced by these fish in kelp forests during spring
upwelling season. Any additive effects of low pH and low DO on behavior are not detectable in
blue rockfish on a one-week timescale. The ecological relevance of these metrics may stem from
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altered vigilance, startle response, schooling behavior, prey conspicuousness, or migration
behaviors in the wild. Any changes in these behaviors may alter juvenile recruitment into the
kelp forest, thereby disrupting population, community, and demographic dynamics over time
(Kane et al. 2004).

Trends in IGF-1 Concentration:
There were no observable treatment differences in IGF-1 levels in blue rockfish. This is
most likely due to the timescale dependent concentration changes of circulating IGF-1 in fish.
Studies done on fish with acute stressors have frequently reported increases in IGF-1
concentrations after even just 30 minutes (Wilkinson et al. 2006; Breves et al. 2010). In contrast,
other studies report no detectable change in IGF-1 levels after stress exposure, aligning with
results presented here (Liebert and Schreck 2006). Longer term studies (about 4-week
experiment run time) using chronic stressors have reported results indicating higher
concentrations of IGF-1 after daily handling stress (McCormick et al. 1998), as well as the more
commonly reported trend of decreased IGF-1 levels with elevated cortisol, which was tested
using a cortisol feed to mimic chronic stress (Peterson and Small 2005). IGF-1 concentration
may be heavily species specific, or different depending on the type of stressor used. To elucidate
any differences between treatments, longer exposure time to the experimental treatments (on the
order of weeks or months) would be needed in future experiments.
I did detect a pH/DO treatment effect on body condition. The low DO and combined
treatments had significantly lower Fulton’s K values after one week, which indicates that the low
DO stressor is the main driver of the declined body condition these fish exhibit, rather than pH.
And when looking at the residual analysis of Fulton’s K, the multiple stressor conditions appear
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to be an additive effect of each individual stressor (i.e. greater than the sum of each individual
stressor). Feeding rates, and ultimately growth and body condition, are known to be reduced by
hypoxic conditions in many marine fish and invertebrates as a means to lower the metabolic rates
and thus oxygen requirements of the fish (van Dam and Pauly 1995; Diaz and Rosenberg 1995;
Pichavant et al. 2000). While growth rates in juvenile blue rockfish can be resistant to hypoxia
exposure over many months of exposure (Mattiasen 2018), oxygen content of the water can limit
somatic growth in other fish species (Stewart et al. 1967; Thetmeyer et al. 1999), including other
species of juvenile rockfish (Mattiasen 2018). This also provides evidence against low DO and
low pH having strong additive effects on body condition in blue rockfish. Group means do show
slightly lower Fulton’s K values for fish in the combined stressor treatment fish compared to the
low DO group, so pH may play some role in lower condition factor in the combined stressor
group, but not enough to consider low DO and low pH to be additive.
Low DO and combined stressor groups exhibited significantly lower Fulton’s K values
and higher stress levels, but the relationship between IGF-1 and Fulton’s K exhibits a
nonsignificant trend towards lower K values (worse body condition) being linked to higher IGF1 values at one-week, providing some evidence of a slight upregulation of IGF-1 in more
stressed fish. However, there were no treatment effects on IGF-1, so no concrete conclusions can
be made regarding higher IGF-1 values from fish under more stress. The role of IGF-1 in the
stress response is highly variable and species-specific, as well as regulated largely by the more
commonly measured growth hormone (GH), which is regulated via the HPI axis along with
cortisol (Beckman 2011). GH and IGF-1 increase after acute stressors, particularly osmotic
stressors that require a change in fish physiology/ morphology at the gills to accommodate the
stress (Moriyama et al. 1995; McCormick et al. 1998). However, more chronic/ continuous stress
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appears to suppress circulating GH/IGF-1 levels (Pickering et al. 1991; Small et al. 2006;
Valenzuela et al. 2018; Hack et al. 2019). It is possible that fish under more stress have increased
IGF-1 levels initially to mitigate the effects of physiological stressors by acting to mobilize
energy stores to accommodate the energetic demands of stress. However, increased GH and IGF1 will lead to increased protein production, which is energetically costly, so there is most likely a
trade-off between the upregulation or down regulation of growth factor hormone signaling on
different timescales throughout the stress response (Beckman 2011; Faught and Vijayan 2016).
Trends for IGF-1 were more complex depending on whether the fish experienced acute or
chronic stress, as well as what stressor(s) they experienced (physiological stressors versus more
conditional/behavioral stressors). Additionally, up-regulation of IGF-1 levels in response to
salinity stress have indicated its role in osmoregulation (Liebert and Schreck 2006; Meier et al.
2009). The lack of a significant trend in IGF-1 found in the present study may be due to the
opposing effects of osmoregulatory stress under low pH and low DO conditions (which would
predict an up-regulation of IGF-1) and the persistence of the stressors for a week (which would
predict a down-regulation of IGF-1), effectively cancelling each other out. I was therefore not
able to elucidate any strong relationships between IGF-1 and the stress response in blue rockfish.
Stressed fish often do not eat as much, and nutritional condition/ stress is known to have some
control over IGF-1 levels (Beckman 2011). However, it usually takes between 2 and 4 weeks for
those changes to affect growth or condition indices (Nakano et al. 2013). To make connections
between IGF-1 and growth/body condition in blue rockfish, future studies should conduct a
longer experiment run time and the addition of more timepoints along the IGF-1 circulation
trajectory. It would also be valuable to have some experimental treatments that mimic upwelling
and relaxation conditions because of the natural fluctuation in stressor strength seen with
34

Thesis

Bruzzio

upwelling. These periods of stressor and relaxation occur on timescales that may affect whether
IGF-1 is upregulated or downregulated in those fish.

Relationship between Cortisol and IGF-1:
Finally, while there was no significant correlation between cortisol and IGF-1 levels,
there was an observable trend. There was a distinct lack of fish exhibiting both high cortisol and
high IGF-1 values. When cortisol levels were low, there was highly variable levels of IGF-1, and
when cortisol levels were high there were only low IGF-1 levels (Fig. 15). With this result, high
stress (high cortisol) could still be linked to lower growth rates (indicated by lower IGF-1
values). In some studies, GH, and subsequently IGF-1, follow similar trends as cortisol
(Pickering et al. 1991; McCormick et al. 1998), with cortisol levels having a positive association
with IGF-1 levels. This has been shown only with acute stressors such as handling stress and
other stressors related to aquaculture practices. When examining chronic stressors, like the ones
used in the present study, researchers commonly report a negative relationship between cortisol
and IGF-1, where elevated cortisol correlates with lower levels of IGF-1 (Nakano et al. 2013;
Faught et al. 2016). Studies using cortisol injection to mimic chronic stress in tilapia have
reported the same negative relationship between IGF-1 and cortisol after 24 and 48 hours of
exposure (Kajimura et al. 2003). IGF-1 is expressed and acts on both a full body endocrine
circulatory scale as well as a local tissue level release and action scale. The former, circulating
plasma concentrations of IGF-1 and cortisol, is what most previous studies have measured,
generally finding this negative relationship (Nakano et al. 2013). However, the tissue level
release and local action of IGF-1 is not frequently measured in these stressor experiments, and it
is largely unknown if that local action of IGF-1 would follow the same trends with cortisol. In
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the present study, I measured IGF-1 in the muscle tissue of blue rockfish and any trends seen
here between IGF-1 and cortisol may indicate that local action of IGF-1 rather than the true
circulating endocrine action of IGF-1. This relationship appears to be more complicated and
dynamic than a clear negative association between cortisol and IGF-1.

Conclusions:
Overall, I observed low pH exposure contributing to differences in hormonal physiology
in juvenile blue rockfish, while low DO exposure appeared to influence differences in
metabolism and body condition. Cortisol and IGF-1 have been shown to play an important part
in fish osmoregulation, by mediating both the number and size of gill ionocytes (Yan and Hwang
2019), however the timescales of this physiological regulation do not exactly match up with the
timeline and sampled timepoints used in the present. In future studies, I would like to test both
cortisol and IGF-1 concentrations from gill tissue, as the gills are the site of osmoregulation in
fish. Low DO seems to mainly drive differences in the secondary and tertiary stress response of
blue rockfish, altering metabolism and behavior. These results indicate that the interaction of
multiple stressors in the natural environment can be incredibly complex and hard to predict in
living fish populations, especially on different physiological and time scales. In order to make
more of the connections needed to create a clear picture of how low pH and low DO interact with
the blue rockfish hormonal stress response, a longer experiment run time and more sampled
timepoints is necessary, especially for the IGF-1, size, and growth aspects of this study. In
addition, fluctuating experimental treatments that mimic the upwelling effects on these
environmental stressors would be useful, especially when interpreting the cortisol recovery time
in these fish. I was unable to tease apart and classify whether OA and hypoxia work in an
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additive, antagonistic or synergistic way and continued research should include more
experimental stressor treatments of varying intensity of both individual and combined treatments.
The present study provides evidence for variation in the strength of activation of the
hormonal stress response in blue rockfish as a response to low pH, low DO and a combination of
those two stressors. This activation helps these fish maintain homeostasis and remain largely
tolerant to any secondary or tertiary effects of stress. More frequent and prolonged bouts of these
stressors, as predicted with anthropogenic climate change, may eventually push blue rockfish
past their tolerance threshold. Endocrine changes to these stressors will have to be studied in
more species of juvenile rockfish to determine species-specific primary stress responses.
Studies have found that when co-occurring, OA and hypoxia, have the potential to reduce
development, growth, metabolic performance and behavior of early life stages of multiple
organisms found in the CCS, including many species of rockfish like gopher and copper rockfish
(DePasquale et al. 2015; Gobler and Baumann 2016; Baker 2020). Most species of rockfish have
their early reproductive season entirely during upwelling season, so these species have a higher
probability of larval and juvenile development during low pH/ low DO conditions. The
reproductive season of blue rockfish mostly occurs before peak upwelling conditions with latestage larvae and pelagic juveniles being exposed to upwelling, especially during recruitment into
nearshore kelp forests. Also, these developmental stages mostly occur in the benthos where there
is naturally occurring low pH/DO due to benthic respiration, an important factor when
considering their species-specific tolerance to low pH (Hamilton et al. 2017), low DO (Mattiasen
et al. 2020) and combined low pH and DO (Cline et al. 2020). During spring upwelling, pH/ DO
can dip below 2.0 mg/L and 7.5 pH for an average of 1.5 hours per day and up to 3.3 hours per
day at 17 meters depth (Booth et al. 2012). These upwelling depths overlap with common blue
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rockfish juvenile depth distributions (5-25 meters), but because their range goes shallower, they
likely have some refuge from low pH and DO waters (Love et al. 2002). Following the predicted
progression of OA (Gruber et al. 2012) and predicted prolonged upwelling season at northern
latitudes in the nearshore CCS (California Current System) (Snyder et al. 2003) will likely cause
upwelling season to last longer during the juvenile stage during recruitment into kelp forests in
the future. While blue rockfish may currently be resilient to these environmental stressors,
species-specific tolerance may be diminished with continued anthropogenic climate change.
Endocrine level changes and behavioral changes in response to these stressors at the juvenile
stage may have lasting impacts on blue rockfish population dynamics. Rockfish are generally
long-lived, late to mature and commercially and recreationally harvested (Love et al. 2002).
These traits are often associated with an inability to adapt quickly to oceanic changes brought on
by climate change because population turnover rates are relatively slow (Wittmann and Pörtner
2013). Any effects of environmental stressors on early developing stages of rockfish can have
profound impacts on overall population sizes once affected individuals mature. High maternal
cortisol levels have been known to be passed on to offspring through maternally derived
nutrients and can affect variables like egg quality, clutch size, larval size at hatching and viability
of larvae (McCormick 1999; Green 2008; Faught et al. 2016). Maternally derived cortisol has
also been shown to have a permanent effect on the HPI-axis of their offspring, affecting the
developmental program of the offspring into their juvenile and even adult phases (Gagliano and
McCormick 2009). The effects of these environmental stressors effect not only fish who
experience them directly, but also are carried into future generations, thereby altering the
trajectory of the population as a whole.
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The ability to forecast impacts of OA and hypoxia on juvenile rockfish populations allow

for anticipation and possible mitigation of population declines. Rockfish comprise an
economically valuable component to commercial and recreational fisheries along the California
coast. It is important that fisheries managers and policy makers are well informed on how these
fish populations, on a species-specific scale, will change in the face of climate change in order to
properly manage susceptible species. Life history characteristics of being long lived, late to
mature and having long generation times already make many rockfish species susceptible to
overfishing, removing larger reproductive adults. The assessment of juvenile rockfish primary
stress response activation under future climate projections can potentially hold predictive power
on how the population will change and react to these stressors, informing fisheries stock
assessment models. Effects of OA and hypoxia on this younger age group will affect both
population size and the reproductive output of that group as they age and become of a
reproductive age. These factors should be considered when writing management plans and policy
regarding this economically and ecologically valuable species.
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TABLES

Table 1. Experimental design. I used a combination of single stressor and combined stressors to
decipher which may have a stronger effect on stress hormone responses in juvenile rockfish.
Experimental Set Up

DO Treatments

pH Treatments
control

extreme low pH

control

8 mg/L DO, 8.1 pH

8 mg/L DO, 7.3 pH

extreme low DO

2 mg/L DO, 8.1 pH

2 mg/L DO, 7.3 pH

Table 2. Fish sampled from each treatment per timepoint (n = 20 per timepoint (with 2 tanks per
treatment this is 10 per tank, 20 total) and N = 340).
CONTROL
TIMEPOINTS
0 mins

EXTREME
DO

EXTREME
PH

Moderate
Upwelling

Extreme
Upwelling

20 fish (cort,
IGF-1, MMR,
behave)

1 hr

20 fish (cort)

20 fish (cort)

20 fish (cort)

20 fish (cort)

20 fish (cort)

1 day

20 fish (cort)

20 fish (cort)

20 fish (cort)

20 fish (cort)

20 fish (cort)

1 week

20 fish (cort,
IGF-1, MMR,
behave)

20 fish (cort,
IGF-1, MMR,
behave)

20 fish (cort,
IGF-1, MMR,
behave)

20 fish (cort,
IGF-1, MMR,
behave)

20 fish (cort,
IGF-1, MMR,
behave)
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Table 3. AICc values from generalized linear model comparison between behavioral and
physiological metrics with cortisol concentrations.
Cortisol ~ Fulton’s K
Cortisol ~ <none>
Cortisol ~ Fulton’s K + behave
Cortisol ~ MMR
Cortisol ~ Fulton’s K + behave + MMR
Cortisol ~ behave
Cortisol ~ behave + MMR
Cortisol ~ Fulton’s K * behave * MMR

AICc
12.60
16.27
16.92
18.29
19.56
20.81
22.99
215.92

AICc Weight
0.72
0.12
0.08
0.04
0.02
0.01
0.00
0.00
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FIGURES

Figure 1. Hypothetical typical cortisol profile (green) after the introduction of a stressor at time
zero. If a single stressor is increased in intensity (orange line), we might expect to see a higher
peak or a recovery to a level higher than basal values. Peak and recovery concentration of
cortisol are predicted to be highest for combined stressors (purple line).
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Figure 2. Daily monitoring values for (A) dissolved oxygen and (B) pH for all treatments
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Figure 3. Light-dark testing arena. 9.5 cm by 55 cm with sides spray painted either black or
white (white on one half, black on the other). The bottom of tank is left clear as a lined
black/white bottom showed no significant effect on the outcome of the test.
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Figure 4. Average cortisol concentrations (ng/L) from each timepoint in (A) control treatment
fish, (B) low DO treatment fish, (C) low pH treatment fish, and (D) combined pH/DO treatment
fish. Shown are mean cortisol values ± 1 SE. (E) Interaction plot for timepoint and treatment
against cortisol concentrations.
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Figure 5. Average cortisol concentrations (ng/L) from each treatment in (A) 1-hour timepoint,
(B) 24-hour timepoint, and (C) one-week timepoint. Shown are mean cortisol values ± 1 SE.
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Figure 6. Average IGF-1 values (ug/L) between each experimental treatment ± 1 SE.
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Figure 7. (A) Maximum metabolic rates (MMR) from each experimental treatment. (B)
Residuals of the MMR from each experimental treatment. Shown are mean MMR values ± 1 SE.
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Figure 8. Heatmaps generated by EthoVistion XT for (A) sample fish that rarely left the dark
zone and for (B) a fish that spent relatively equal times between the zones. For all fish, time
spent in the dark zone was significantly higher than the light zone, regardless of treatment.
Sample fish track is shown in panel C.

69

Thesis

Bruzzio

Figure 9. (A) Average distance travelled, (B) average velocity and (C) average activity proxy
across treatments from the scototaxis (light/dark) experiment. Shown are mean values ± 1 SE.
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Figure 10. Average Fulton’s K across experimental treatments ± 1 SE.
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Figure 11. Differences in (A) standard length, (B) total length and (C) weight across
experimental treatments at one-week. Shown are mean values ± 1 SE.

72

Thesis

Bruzzio

Figure 12. Relationship between MMR and the log of cortisol from all experimental treatments.
Colors indicate experimental treatments.
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Figure 13. Relationship between the log of cortisol and (A) total distance travelled, (B) average
velocity and (C) activity proxy for all experimental treatments. Colors indicate experimental
treatments.
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Figure 14. Plot of Principal Component Analysis. PC1 (body size and MMR) explains 47.7% of
the variation in the data while PC2 (behavioral metrics) explain 33.6% of the variation.
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Figure 15. Plot of Principal Component Analysis Scores across experimental treatments. (A)
PC1 relates to body size and MMR while (B) PC2 relates to fish behavior. Shown are mean
values ± 1 SE.

76

Thesis

Bruzzio

Figure 16. Relationship between IGF-1 (ug/L) and Fulton’s K at the one-week timepoint for all
experimental treatments. Colors indicate experimental treatments.
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Figure 17. Relationship between cortisol (ng/L) and IGF-1 (ug/L) for all experimental
treatments. Colors indicate experimental treatments.
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